Rationale Cocaine addiction is characterized by alternating cycles of abstinence and relapse and loss of control of drug use despite severe negative life consequences associated with its abuse. Objective The objective of the present study was to elucidate critical neural circuits involved in individual vulnerabilities to resumption of cocaine self-administration following prolonged abstinence. Methods The subjects were three female rhesus monkeys in prolonged abstinence following a long history of cocaine selfadministration. Initial experiments examined the effects of acute cocaine administration (0.3 mg/kg, IV) on functional brain connectivity across the whole brain and in specific brain networks related to behavioral control using functional magnetic resonance imaging in fully conscious subjects. Subsequently, these subjects were allowed to resume cocaine self-administration to determine whether loss of basal connectivity within specific brain networks predicted the magnitude of resumption of cocaine intake following prolonged abstinence. Results Acute cocaine administration robustly decreased global functional connectivity and selectively impaired topdown prefrontal circuits that control behavior, while sparing connectivity of striatal areas within limbic circuits. Importantly, impaired connectivity between prefrontal and striatal areas during abstinence predicted cocaine intake when these subjects were provided renewed access to cocaine. Conclusions Based on these findings, loss of prefrontal to striatal functional connectivity may be a critical mechanism underlying the negative downward spiral of cycles of abstinence and relapse that characterizes cocaine addiction.
Introduction
Cocaine addiction is a significant threat to public health that affects tens of millions of people worldwide every year (Bachman et al. 2011) . While initial abuse of cocaine is characterized by low levels of recreational use, cocaine addiction is characterized by escalation of drug use, binge patterns of drug intake, alternating cycles of abstinence and relapse, and loss of control over compulsive drug use despite severe negative consequences (American_Psychiatric_Association 2013) . It has been widely reported that only a subset of the many people who abuse cocaine proceed into the compulsive phases of cocaine addiction; some successfully stop using the drug, whereas others develop an intractable and possibly lifelong psychiatric disorder. A central challenge for the field of addiction research is to identify the critical variables that determine these markedly different outcomes.
It is well established that regions of the prefrontal cortex (PFC) subserve functions such as abstract reasoning, personality, and executive function. Contemporary studies have related specific areas within the PFC to outcome valuation, behavioral inhibition, drug craving, and risky decision making (Everitt and Robbins 2005; Garavan et al. 2000; George and Koob 2010; Jentsch and Taylor 1999; Kalivas 2009; Maas et al. 1998; Volkow et al. 2011) . Likewise, elegant studies have shown that many of the behavioral, reinforcing and other abuse-related effects of cocaine are mediated by striatal regions, such as the nucleus accumbens (NAcc) , that form important components of brain limbic circuits (Haber and Knutson 2010; Haber and McFarland 1999; Haber 2003; Haber et al. 2006) . Studies have begun to show that interactions between these systems may be important determinants of drug use and relapse. In this regard, studies have consistently shown that cocaine abusers exhibit metabolic and perfusion deficits (Holman et al. 1993; Levin et al. 1994; Strickland et al. 1993; Volkow et al. 1988 ) and decreased gray matter volumes (Franklin et al. 2002) in the PFC. Animal studies have similarly shown cocaine-induced dysfunction of PFC that correlated with working memory impairments (George et al. 2008) . It was recently reported that female active cocaine abusers showed decreased frontal metabolism in response to cocaine-related cues, whereas male active cocaine abusers showed increased metabolism, perhaps beginning to elucidate the higher propensity of females than males to succumb to cocaine addiction (Volkow et al. 2011) .
Recent advances in functional connectivity magnetic resonance imaging (fcMRI) have begun to characterize circuitlevel interactions between brain regions in the context of drug abuse and addiction Sutherland et al. 2012) . The use of fcMRI is attractive experimentally because it has the potential to move the field of neuroscience forward from a focus on specific brain areas to an understanding of the global neural circuits that mediate complex cognitive and motivated behaviors. For example, several studies have reported disruptions in frontal-striatal circuitry in cocaine users (Gu et al. 2010; Hanlon et al. 2011; Wilcox et al. 2011 ). Compared to control subjects, cocaine users have lower resting-state functional connectivity within the mesolimbic dopamine system, and lower network connectivity between limbic regions is correlated with duration of cocaine use (Gu et al. 2010) . Lower connectivity also was observed between the medial PFC and midbrain dopaminergic regions in cocaine users performing a sustained attention task (Tomasi et al. 2010) . In contrast, increased connectivity was reported between ventral striatum and ventromedial PFC in abstinent cocaine users (Wilcox et al. 2011) . Clearly, there are multiple variables that can influence the outcome of fcMRI studies in drug addiction, including drug history, acute drug withdrawal, and duration of abstinence. However, chronic drug use is consistently associated with significant changes in functional connectivity within the PFC and limbic circuitry that likely contribute to loss of control over drug use and relapse.
Studies have begun to show that interactions between prefrontal and striatal systems may be an important determinant of individual differences in drug use and relapse. The use of fcMRI in laboratory animals presents a significant opportunity to explore network-level connections using prospective approaches and experimental designs with greater control than possible in human subjects. Nonhuman primates represent an excellent animal model to study the PFC and limbic circuits because their behavioral repertoires are sophisticated and the rhesus monkey brain has greater homology to the human brain than nonprimate animal models, especially in the PFC (Preuss 1995) . Examination of the direct effects of cocaine administration on functional connectivity is highly relevant for understanding whether impaired functional connectivity is a cause or a consequence of cocaine exposure. In the present study, we determined the effects of acute cocaine administration on functional connectivity between specific regions of the PFC and the NAcc or the amygdala, a component of the extended limbic system, in fully conscious female rhesus monkeys. Moreover, we examined whether connectivity between PFC systems and the NAcc was associated with resumption of cocaine self-administration following a period of extended abstinence.
Materials and methods

Subjects
The subjects were three (RMv-3, RRg-4, and RBp-3) adult female rhesus monkeys (Macaca mulatta) previously involved in intravenous (IV) cocaine self-administration studies to evaluate the etiology, consequences, and treatment of cocaine abuse. Over a period of at least 6 years starting in early adulthood, all three subjects engaged in daily cocaine selfadministration with no planned periods of extended abstinence. Drug histories were complex and varied across subjects as reported in published studies for RMv-3 (Kimmel et al. 2008; Lindsey et al. 2004; Murnane and Howell 2010; Wilcox et al. 2002) , RRg-4 (Howell et al. 2001 Kimmel et al. 2008) and RBp-3 (Banks et al. 2009; Howell et al. 2006; Murnane and Howell 2010) . Based on self-administration protocols used in these studies and the duration of study assignments, each subject consumed >10 g of cocaine. This lifetime cocaine history far exceeds drug intake in rhesus monkeys reported to exhibit cocaine-induced cognitive and brain metabolic deficits (Gould et al. 2012 ) and upregulation of 5-HT 2A receptors in the PFC (Sawyer et al. 2012 ). Prior to the present studies, subjects were exposed to a period of forced abstinence during which they were engaged in extensive training to undergo fMRI while fully conscious. Over a period lasting >2 years, they received infrequent, experimenteradministered psychoactive drugs but no longer engaged in daily self-administration experiments. Cocaine self-administration resumed approximately 10 months after evaluation of the acute effects of cocaine on resting-state functional connectivity. This long drug history and prolonged period of abstinence allowed us to examine brain circuitry during abstinence and resumption of cocaine self-administration in a clinically relevant manner. Between experimental sessions, all subjects were individually housed and provided access to food daily (e.g., monkey chow and fresh fruit and vegetables), and ad libitum access to water. Animal use procedures were in strict accordance with the National Institutes of Health's "Guide for the Care and Use of Laboratory Animals" and were approved by the Institutional Animal Care and Use Committee of Emory University.
Surgery
Each subject was implanted with a chronic indwelling venous catheter and vascular-access port into the femoral or jugular vein under sterile surgical conditions as previously described (Howell and Fantegrossi 2009; Howell and Wilcox 2001) . Catheters were regularly flushed with heparinized saline (100 U/mL) to maintain patency.
fcMRI data acquisition
The apparatus and animal habituation protocol have been described in detail previously (Murnane and Howell 2010) . Scans were conducted in a Siemens (Siemens Healthcare, Erlangen, Germany) Trio 3 Tesla magnet with 90-cm bore using a Siemens CP extremity coil (19 cm inner diameter). Anatomical images were acquired using a 3D single-shot magnetization-prepared rapid acquisition gradient echo sequence optimized for T1 contrast. Scan parameters were as follows: repetition time (TR)=2,700 ms, TI=800 ms, echo time (TE)=3 ms, 192×192 matrix, field of view (FOV)=96× 96 mm, 1 NEX, bandwidth=190 Hz/pixel, flip angle=8°, and 9 % frequency oversampling yielding a final isotropic resolution of 0.5 mm. At least 10 separate collections were averaged off-line for each subject to generate the final anatomical image used for co-registration of the functional data. Anatomical images were acquired in conscious subjects in the imaging apparatus to facilitate co-registration to the functional images. BOLD fMRI images were collected utilizing a gradient echo single-shot echo planar imaging (EPI) sequence, acquired with the following parameters: 47 slices, TR=4 s, TE= 40 ms, 64×64 matrix, FOV=96×96 mm, slice thickness= 1.5 mm with no slice gap, 1,594 Hz per pixel bandwidth, and 90°flip angle yielding a final isotropic resolution of 1.5 mm.
The first two measurements in each time series were discarded to ensure steady-state magnetization. Furthermore, a saturation pulse was applied during each acquisition to minimize extraneous effects at the boundary of the cranium. Field inhomogeneities were mapped using a standard Siemens phase and magnitude image collection sequence for later correction of any EPI image distortions. Functional connectivity scanning was conducted between 10 and 20 min after IV infusion of saline or cocaine HCl (0.3 mg/kg). This time period covers the peak neuropharmacological effects of cocaine following IV delivery in rhesus monkeys (Murnane et al. 2013) . The effects of saline and cocaine administration were compared to a matched 10-min period of baseline scanning that was not associated with any infusion. Throughout this study, the infusion rate and volume were held constant at 15 ml/min and 4 ml, respectively. Cocaine HCl was supplied by the National Institute on Drug Abuse (Research Technology Branch, Research Triangle Park, NC) and dissolved in sterile 0.9 % saline. In all instances, the dose is expressed as the salt form.
MRI data processing
The MRI data were analyzed with AFNI (Cox 1996), FSL (Smith et al. 2004 ) and the Brain Connectivity Toolbox (Rubinov and Sporns 2010) . Each fcMRI time series was registered to a base volume, co-registered to the T1W anatomical image, and spatially smoothed with a FWHM=2 mm isotropic gaussian kernel. Resting-state functional connectivity was assessed with seed-based cross-correlation analysis. Region of interest (ROI)-averaged time series were obtained from 3 mm spherical seeds placed at anatomical locations in the NAcc (ventral striatum), amygdala, dorsolateral prefrontal cortex (dlPFC), anterior cingulate (ACC), orbital prefrontal cortex (oPFC), and cerebellum. As a control to fronto-striatal connectivity, we also examined connectivity between the cerebellum and NAcc. The ROI-averaged time series served as reference vectors, and functional connectivity maps of each seed ROI were assessed through the cross-correlation coefficient (CC) between the corresponding reference vector and voxel time series in the rest of the brain. Volumes with excessive (>1.5 mm) motion were removed from the analysis. For graph analysis, nodes were formed by fcMRI voxels resampled to 2 mm×2 mm×2 mm resolution. A binary distance matrix was formed by setting edges with CC >0.3 to 1 and the rest to 0. The summary measures of network connectivity were (1) the characteristic path length, which is the average of the shortest path lengths between all pairs of nodes in the network, (2) the clustering coefficient of each node, which is the fraction of the node's neighbors that are also neighbors of each other, and (3) the degree centrality of each node, which is the number of other nodes to which a given node is connected. The degree centralities of all nodes were averaged to obtain the mean degree of connectivity. The clustering coefficients of all nodes were averaged to obtain the mean clustering coefficient.
Cocaine self-administration
To examine whether connectivity between PFC systems and the NAcc was associated with resumption of cocaine use following abstinence, subjects were allowed to once again engage in IV cocaine self-administration. These behavioral experiments were conducted using a three component fixedratio 20 (FR20) schedule of reinforcement as previously described (Murnane et al. 2013) . Self-administration sessions were conducted in an operant test chamber with a controlled environment (Wilcox et al. 2005) . Sessions lasted 80 min and were conducted for 5 days to examine initial resumption of cocaine self-administration following prolonged abstinence. The timing and coordination of experimental events were controlled by Med-PC IV software (Med Associates Inc., St. Albans, VT). Each session began with a 5-min start delay, and after which, the initiation of the schedule contingencies, including the availability of cocaine, was signaled by the illumination of a white light on the response panel. During the active period of each component, completion of the response requirement resulted in the delivery of a 0.5-ml IV bolus of cocaine over 3 s. During each cocaine delivery, the white session light was extinguished and a red light designed to function as a conditioned reinforcer was illuminated on the response panel. Following each cocaine delivery, a 90-s timeout period was initiated wherein all lights were extinguished and responding had no programmed consequences. Each component lasted 15 min, including both the active and timeout periods, allowing the subjects to earn a maximum of 10 infusions per component. Each of the three components was separated by an intercomponent interval of 15 min wherein all lights were extinguished and responding had no programmed consequences. The unit dose of cocaine was 0.01 mg/kg/infusion, yielding a maximum session intake of 0.30 mg/kg. Session intake was calculated as the total number of infusions successfully obtained in a given session multiplied by the unit dose. The response rate was calculated as the total number of responses emitted during the active period divided by the active time throughout the entire session.
Data analysis
Graphical presentation of all data depicts mean±SEM, and any points without error bars indicate instances in which the SEM is encompassed by the data. Graphical data presentations were created using GraphPad Prism 4 (La Jolla, CA), and statistical tests were performed using SigmaStat 3 (San Jose, CA).
The summary measures of global network connectivity and measures of connectivity within specific networks following saline and cocaine administration were normalized as a percentage of the baseline value. These data were statistically analyzed by paired t tests with Bonferroni correction for multiple comparisons, yielding p<0.008 for statistical significance. The relationship between baseline metrics of functional connectivity and cocaine intake during resumption of cocaine self-administration was analyzed by linear regression analysis, followed by a Spearman rank correlation coefficient (rho)=−1. Note p<0.17 is the minimum possible p value that can be obtained with the Spearman rank correlation test and a sample size of three subjects. Lastly, we quantitatively determined how acute cocaine administration affected the ratio of connectivity between the PFC and NAcc to connectivity within the striatum. Specifically, this ratio was determined by adding the connectivity between the dlPFC and the NAcc to the connectivity between the ACC and the NAcc. This sum was then divided by the connectivity between the NAcc and itself plus the caudate (i.e., intrastriatum connectivity). The ratio provides a measure of top-down PFC connectivity to the striatum as a function of connectivity within the striatum itself. A higher value indicates that top-down connectivity is relatively strong compared to connectivity within the striatum. The oPFC was not used to calculate this ratio because cocaine had no significant effect on oPFC to NAcc connectivity.
Results
Following saline infusion, there was no significant change in global network integrity compared to baseline across any of the network-wise measures. In contrast, following cocaine infusion, there was a dramatic and significant (t 3 =4.48; p<0.008) decrease in the average degree of connectivity (degree centrality averaged across all nodes in the brain) (Fig. 1a) . Likewise, there was a significant (t 3 =−3.78; p<0.008) increase in the characteristic path length (Fig. 1b) . In contrast, there was no significant change in the clustering coefficient (t 3 = 2.23; p = 0.15) following cocaine administration. Hence, acute administration of cocaine induced a global decrease in functional brain connectivity, and the average degree of connectivity was the most sensitive measure of this effect. Cocaine had no significant effect on connectivity between the cerebellum and the NAcc (data not shown). It is important to note, however, that the cerebellum displayed a low level of connectivity with the NAcc even at baseline. In the PFC, cocaine significantly (t 3 =8.72; p<0.008) decreased connectivity between the ACC and the NAcc (Fig. 2a) but had no significant effect on connectivity between the oPFC and the NAcc (Fig. 2b) . Interestingly, there was considerable between-subject variability in the effects of acute cocaine administration on connectivity between the oPFC and NAcc, with cocaine either increasing or decreasing connectivity between these areas across the subjects. As with ACC to NAcc connectivity, cocaine significantly (t 3 =8.89; p<0.008) decreased connectivity between the dlPFC and the NAcc (Fig. 3, top) . This loss of connectivity was apparent in both the quantitative data and in images of the striatum color coded to voxel-level connectivity with the dlPFC (Fig. 3, middle) . Lastly, cocaine had no significant effect on connectivity between the amygdala and the ACC (t 3 =1.03; p=0.41), oPFC (t 3 =1.43; p=0.29), or dlPFC (t 3 =5.45; p=0.03). Collectively, these findings indicate that the acute effects of cocaine on functional connectivity are selective for different brain networks.
Linear regression analysis was used to examine whether connectivity between PFC systems and the NAcc was associated with resumption of cocaine self-administration following abstinence. Daily session cocaine intake for individual subjects is shown in Table 1 . There was an inverse relationship between cocaine intake and connectivity between the ACC and the NAcc (data not shown), but this relationship did not reach statistical significance. In contrast to this lack of significance for the ACC, loss of connectivity between the dlPFC and the NAcc significantly (R 2 =0.97; p=0.01) predicted the level of cocaine intake during resumption of drug selfadministration (Fig. 3, bottom) . The more conservative Spearman rank correlation coefficient (p=0.17) was the minimum possible p value that could be obtained with a sample size of three subjects. Collectively, these data indicate that loss of top-down control over striatal areas that comprise the limbic circuitry may be a critical determinant of cocaine intake following a period of abstinence.
Subsequent analyses determined how acute cocaine administration affected connectivity within the NAcc and between the NAcc and other areas of the medial striatum that likely contribute to the abuse-related effects of cocaine. Acute Fig. 1 Effects of acute cocaine administration on global functional connectivity as indexed by the average degree of connectivity (a) and characteristic path length (b). All bars represent the group mean±SEM. Abscissae: The condition under which scanning was conducted. Ordinates: Average degree of connectivity or characteristic path length expressed as a percentage of the baseline value. Asterisks represent a significant difference (P<0.008) between the conditions as assessed by a paired t test Fig. 2 Effects of acute cocaine administration on functional connectivity between the anterior cingulate (ACC) and the nucleus accumbens (NAcc) (a) or between the orbital prefrontal cortex (oPFC) and the NAcc (b). Mean connectivity was determined by correlating the time-course of activity within the prefrontal seed region and each voxel within the NAcc. All bars represent the group mean±SEM. Abscissae: The condition under which scanning was conducted. Ordinates: Average degree of connectivity expressed as a percentage of the baseline value. Asterisks represent a significant difference (P<0.008) between the conditions as assessed by a paired t test cocaine administration significantly (t 3 =6.09; p<0.008) decreased connectivity within the striatum (Fig. 4, top) . However, this effect was far less robust than loss of PFC to NAcc connectivity. As was apparent in the color-coded images (Fig. 4, middle) , loss of intrastriatal connectivity was less robust than loss of connectivity between the PFC and the NAcc. Hence, cocaine decreased connectivity between the NAcc and other areas of the medial striatum but had little effect on connectivity within the NAcc itself. Lastly, the ratio of connectivity between the PFC and NAcc to connectivity within the striatum was evaluated. Acute cocaine administration significantly (t 3 =5.99; p<0.008) decreased this ratio (Fig. 4, bottom) . These data indicate that cocaine selectively spares the function of the limbic circuitry while impairing topdown prefrontal control over these brain areas.
Discussion
The present study evaluated the effects of acute cocaine administration on brain functional connectivity in female rhesus monkeys with a long history of cocaine self-administration. Fig. 3 Effects of acute cocaine administration on functional connectivity between the dorsolateral prefrontal cortex (dlPFC) and the nucleus accumbens (NAcc) and the relationship between dlPFC to NAcc functional connectivity and cocaine intake. Top panel shows a marked reduction in dlPFC to NAcc functional connectivity following acute cocaine administration. Middle panel shows color-coded maps of connectivity between all voxels within the medial striatum and a seed region in the dlPFC in a representative subject across all three conditions. Bottom panel shows the correlation between baseline functional connectivity between the dlPFC and NAcc and cocaine intake in self-administration studies. All bars or points represent the group mean±SEM. Abscissae: The condition under which scanning was conducted (top) or baseline functional connectivity between the dlPFC and NAcc expressed as a correlation coefficient (bottom). Ordinates: Functional connectivity between the dlPFC and NAcc expressed as a percentage of the baseline value (top) or daily cocaine intake, averaged over the first five sessions, expressed as a mg/ kg/session for individual subjects (bottom). Asterisks represent a significant difference (P<0.008) between cocaine and saline as assessed by a paired t test Subjects were scanned while fully conscious during a protracted period of forced abstinence and then allowed to resume cocaine self-administration to elucidate the relationship between neurobiological alterations and cocaine intake after extended abstinence. An acute cocaine challenge robustly impaired global functional connectivity and selectively impaired top-down, prefrontal control over striatal regions that comprise the limbic circuitry, while sparing connectivity of striatal areas within limbic circuits. Importantly, impaired connectivity between the dlPFC and NAcc predicted initial resumption of cocaine self-administration. Consistent with the findings observed, a series of studies has shown that cocainedependent humans exhibit dysregulation of prefrontal cortical structure and function (Lane et al. 2010; Lim et al. 2002; Volkow et al. 1988 Volkow et al. , 2011 . Indeed, a recent review article convincingly argued that loss of prefrontal cortical function during abstinence is the most reliable clinical biomarker of relapse (Hanlon et al. 2013) . Although comprehensive prospective studies have not yet been conducted, it is reasonable to suggest that a history of repeated disruption of PFC to NAcc connectivity by chronic exposure to cocaine could persistently compromise this circuitry. Moreover, our data suggest that persistent disruption of this circuitry may predispose individuals to further cocaine use and relapse, which may then further compromise the integrity of top-down control over drug taking and further impair the capacity of PFC regions to inhibit drug use. Hence, this loss of PFC to NAcc functional connectivity may be a critical mechanism underlying the negative downward spiral of cycles of drug taking, abstinence, and relapse that characterizes cocaine addiction. Several clinical studies have begun to integrate functional connectivity measures with cognitive performance in the context of cocaine addiction. Compared to controls, cocaine abusers showed lower positive functional connectivity between the midbrain and subcortical and PFC areas, which was associated with deficits in sustained attention (Tomasi et al. 2010) . Cocaine-positive subjects showed significantly weaker and shorter negative coherence between subcortical and PFC areas during attempted inhibition of craving than cocaine-negative subjects (Lam et al. 2013) . Cocainedependent subjects also showed functional connectivity abnormalities that significantly predicted impaired performance on delayed discounting and reversal learning tasks (Camchong et al. 2011) . Consistent with these findings, other researchers have shown that cocaine abusers exhibit impaired cortical-striatal connectivity during the performance of a simple motor task (Hanlon et al. 2011 ) and impaired resting connectivity in mesocorticolimbic circuits (Gu et al. 2010) . Fig. 4 Effects of acute cocaine administration on functional connectivity within the nucleus accumbens (NAcc) and between the NAcc and other areas of the medial striatum. We termed the combination of these connectivities "intrastriatal connectivity." Top panel shows a modest but significant reduction in intrastriatal connectivity following acute cocaine administration. Middle panel shows color-coded maps of connectivity between all voxels within the medial striatum and a seed region in the NAcc in a representative subject across all three conditions. Bottom panel shows a robust reduction in the ratio of prefrontal to NAcc connectivity (the sum of anterior cingulate and dorsolateral prefrontal cortex to NAcc connectivity) and intrastriatal connectivity. All bars represent the group mean±SEM. Abscissae: The condition under which scanning was conducted (top and bottom). Ordinates: Intrastriatal connectivity expressed as a percentage of the baseline value (top) or the ratio of prefrontal to intrastriatal connectivity expressed as a correlation coefficient (bottom). Asterisks represent a significant difference (P<0.05) between cocaine and saline as assessed by a paired t test These studies strongly support the feasibility of using fcMRI to study the neural circuitry critical for cocaine use and relapse and disruptions of this circuitry related to a history of cocaine abuse.
Examination of the direct effects of cocaine administration on functional connectivity is highly relevant for understanding whether impaired functional connectivity is a cause or a consequence of cocaine exposure. In fact, very few studies have examined the acute effects of psychoactive drugs on functional connectivity. In a recent study, the acute effects of oral methylphenidate administration were characterized in 18 non-abstaining subjects with cocaine use disorders, and functional connectivity was evaluated using a seed voxel correlation approach (Konova et al. 2013) . Methylphenidate strengthened several corticolimbic and corticocortical connections shown previously to be reduced in individuals with cocaine use disorders, including the dorsal frontoparietal attention network (Kelly et al. 2011 ) and mesocorticolimbic dopamine pathways (Gu et al. 2010) . The authors suggest this may constitute a mechanism by which methylphenidate could facilitate behavioral control in cocaine addiction. In a separate double-blind, placebo-controlled study, 3,4-methylenedioxymethamphetamine (MDMA) was orally administered to 25 healthy participants with at least one previous experience with MDMA (Carhart-Harris et al. 2014) . None of the participants had used MDMA for at least 7 days or other drugs for at least 48 h. Decreases in restingstate functional connectivity were observed between midline cortical regions, the medial prefrontal cortex, and medial temporal lobe regions, and increases were observed between the amygdala and hippocampus. Moreover, there were trendlevel correlations between these effects and ratings of intensity and positive subjective effects. Clearly, further research is required to define the exact mechanisms by which acute stimulant-induced changes in brain activity translate to addictive behavior.
Interestingly, in the present study, cocaine had no significant effect on connectivity between the oPFC and the NAcc or between the amygdala and any region of the PFC. Hence, these findings indicate that the acute effects of cocaine on functional connectivity show some selectivity for different brain networks. However, it should be noted that studies have reported decreased connectivity between the amygdala and the medial PFC in cocaine addicts (Gu et al. 2010) and increased connectivity between the amygdala and oPFC in chronic heroin users on methadone maintenance treatment . Moreover, a robust decrease in functional connectivity between the amygdala and dlPFC was observed in the present study, although the effect did not reach statistical significance. Hence, cocaine-induced changes in functional connectivity between the PFC and amygdala require further evaluation.
There are several limitations to this preliminary study in nonhuman primates that should be acknowledged. The study was restricted to three female rhesus monkeys, providing limited statistical power, and it is not clear whether the results would generalize to male subjects. Importantly, all subjects had a complex drug history that varied among individuals and there were no drug-naïve controls for comparisons. Cocaine self-administration resumed approximately 10 months after evaluation of the acute effects of cocaine on resting-state functional connectivity. The study would have benefitted from a shorter interval between these primary outcome measures. Moreover, the acute effects of cocaine on functional connectivity were limited to a single dose. It would have been informative to evaluate multiple drug doses that would address potential individual differences in drug sensitivity. Despite these limitations, it is somewhat remarkable that the acute effects of cocaine were so robust, providing statistically significant effects. The effort invested in imaging fully conscious nonhuman primates was clearly a major benefit. Overall, the results are quite orderly and will begin to bridge acute drug effects with long-term consequences that are evident during drug abstinence. Ongoing, longitudinal studies initiated in a larger cohort of drug-naïve subjects will extend the current pilot study to incorporate a well-controlled drug history with multi-dose drug challenges.
In summary, the purpose of the present study was to elucidate potential mechanisms underlying initial resumption of drug self-administration following a period of prolonged abstinence. The analyses focused on the dlPFC, ACC, and oPFC in the frontal lobe because these areas have been implicated in processes such as outcome valuation, behavioral inhibition, drug craving, and risky decision making. The underlying framework through which we have interpreted our findings is that the abuse-related effects of cocaine are mediated by the NAcc and other elements of the limbic circuitry, and the functions of these areas are inhibited by top-down prefrontal executive control over behavior. Acute cocaine administration selectively impaired top-down prefrontal circuits that control behavior, while sparing connectivity of striatal areas within limbic circuits. Importantly, impaired connectivity between the prefrontal and striatal areas during abstinence predicted cocaine intake when these subjects were provided renewed access to cocaine. Collectively, the data indicate that loss of top-down control over striatal areas that comprise the limbic circuitry may be a critical determinant of cocaine use following abstinence.
